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ABSTRACT 

Multifrequency, high-resolution radio observations of the quasar 3C254 using MER- 
LIN are presented. The quasar has a highly asymmetric radio structure, with the 
eastern component of the double-lobed structure being much closer to the nucleus 
and significantly less polarized than the western one. However, the two lobes are more 
symmetric in their total flux densities. The observations show the detailed structure 
of the hotspots which are very different on opposite sides of the radio core, reveal no 
radio jet and suggest that the oppositely-directed jets may be intrinsically asymmetric. 

Key words: galaxies: active - galaxies: jets - galaxies: nuclei - galaxies: individual: 
3C254 - radio continuum: galaxies 



1 INTRODUCTION 



The majority of high-luminosity extragalactic radio sources 
selected at a low frequency tend to be symmetric in the 
brightness and location of the components relative to the 
nucleus of the parent galaxy. However, a small but signif- 
icant fraction are highly asymmetric. The asymmetries of 
J* ■ the lobes of emission are important because they could pro- 
, ^ ' vide useful insights into the environments of sources (e.g. 
^ ! Pedelty et al. 1989; McCarthy, van Breugel & Kapahi 1991), 
5^ ' the interaction of jets with external clouds or galaxies, and 
also provide tests of the orientation-based unified scheme 
for radio galaxies and quasars (Barthel 1989). For exam- 
ple, the structure of the highly-asymmetric double-lobed 
source B0500+630 appears to be inconsistent with the uni- 
fied scheme and suggests that there is an intrinsic asymme- 
try in the oppositely-directed jets from the nucleus (Saikia et 
al. 1996). The most extreme form of asymmetry is when the 
source is completely one-sided with radio emission on only 
one side of the nucleus. Although most of these objects are 
core-dominated and their apparent asymmetry is likely to 
be due to bulk relativisitic motions in the extended lobes of 
emission, there does appear to be a number of weak-cored 
one-sided sources which are difficult to reconcile with the 
simple relativistic beaming scenario (Saikia et al. 1990). 

As part of a study of highly asymmetric radio sources, 
the quasar 3C254 has been observed at radio wavelengths 
with high resolution using MERLIN. The results of these 
observations are presented in this paper. 3C254 is identified 
with a quasar at a redshift of 0.73612±0.00160 (NASA Ex- 
tragalactic Database) so that 1 arcsec corresponds to 7.290 



kpc (H =71 km s^ 1 Mpc~\ Q m =0.27, O A =0.73, Spergel et 
al. 2003). 

The radio source has an overall angular extent of 13.5 
arcsec (98 kpc) with the eastern component being much 
closer to the nucleus. The ratio of the separations of the 
outer hotspots, r_o, defined to be >1, is 7.1 while the flux 
density ratio of the corresponding lobes from the MERLIN 
£-band images presented here is ~0.55. Earlier Very Large 
Array (VLA) and MERLIN observations with lower reso- 
lution have shown the highly asymmetric structure and a 
bridge of emission connecting the two lobes (e.g. Owen & 
Puschell 1984; Liu & Pooley 1991; Liu, Pooley & Riley 1992; 
Reid et al. 1995). The observations by Liu & Pooley have 
also shown that the eastern lobe is more depolarized, and 
has a steeper spectrum, consistent with the relationship re- 
ported by them that the more depolarized lobe tends to 
have a steeper radio spectrum. This relationship is signifi- 
cantly stronger for smaller sources, but is similar for both 
radio galaxies and quasars suggesting that, in addition to 
Doppler effects, there are intrinsic differences between the 
lobes on opposite sides (cf. Ishwara-Chandra et al. 2001). 
The large separation ratio, the distortion in the eastern lobe 
and the stronger depolarization all suggest that the jet on 
the eastern side is colliding with a dense gas cloud which 
is influencing the properties and appearance of the radio 
source. 

Evidence of the gas clouds has been reported by Forbes 
et al. (1990) who found this steep-spectrum quasar to be 
embedded in a spectacular, extended, emission-line region 
emitting strongly in [On] A3727 and [Oni] A5007. Forbes 
et al. have also suggested that the emitting gas is at high 
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pressure, consistent with confinement by a hot intracluster 
medium. Subsequent observations have shown that the opti- 
cal continuum and line emission are extended along the radio 
axis (Bremer 1997; Crawford & Vanderriest 1997), illustrat- 
ing the so-called alignment effect which is seen in powerful 
radio galaxies. Bremer also shows that part of the extended 
emission line region which is close to the eastern lobe has 
a blueshift of ~650 km s~ relative to the nuclear emission 
along a position angle of 105° . There is also an overdensity of 
galaxies within approximately 10 arcsec of the quasar, sug- 
gesting that 3C254 lies at the centre of a compact group of 
galaxies. High-resolution X-ray observations with the Chan- 
dra Observatory show X-ray emission from the quasar and 
the western hotspot, and demonstrate that the source does 
not lie in a hot, massive cluster (Donahue, Daly & Horner 
2003). 

In this paper, high-resolution MERLIN observations 
at L- and C-bands are presented. These observations were 
made to examine the structure and asymmetry of the 
hotspots on opposite sides and determine any possible in- 
trinsic asymmetry in the oppositely-directed jets. The ob- 
servations and analyses of the data are described in Section 
2, and the results are presented in Section 3. Possible expla- 
nations for the structure are discussed in Section 4, while 
the conclusions are summarised in Section 5. 



2 OBSERVATIONS AND ANALYSES 

The MERLIN observations described in this section have 
been made at L- and C-band frequencies. The observations 
have been made at different frequencies within each band, 
and at C-band the data have also been combined with VLA 
data to improve the M^coverage and thus the resulting im- 
ages. The flux calibration source for the observations within 
both bands was 3C286, its flux densities at the differing fre- 
quencies being calculated from the values given in the VLA 
calibrator source catalogue, which is based on the work of 
Baars et al. (1977). The flux densities of the point source 
baseline calibrators (DA193 for the L-band observations; 
OQ208 for the C-band observations) have been determined 
from a comparison of their MERLIN short-spacing ampli- 
tudes with those of 3C286. 3C286 is assumed to have a 
position angle for its linear polarization of 32.4 degrees. 
The phase reference source used for all the observations 
was B1115+416. Its J2000 position, obtained from the In- 
terferometer Phase Calibration Source list I of Patnaik et 
al. (1992), is 11:17:53.33390 +41:20:16.2761. The processing 
of the data was carried out using Jodrell Bank data edit- 
ing and calibration software and the MERLIN pipeline, the 
latter using Astronomical Image Processing Software MPS 
tasks. 

2.1 Z-band observations 

As indicated above, in order to improve the uv coverage and 
also to determine the polarization properties at two neigh- 
bouring Z-band frequencies, 3C254 was observed with MER- 
LIN at 1420 MHz and 1658 MHz on 3rd March 1996. Seven 
MERLIN telescopes were configured in the array, which 
included the Wardle telescope just prior to its decommis- 
sioning and which therefore provided a minimum baseline 



length of 6 km in comparison with a minimum of 12 km 
at the present time. The observing frequency was switched 
between the two frequencies every 6 minutes and the ob- 
serving cycle times between the target source (3C254) and 
its phase-reference (including telescope drive times) were in 
the ratio of 7.5:4.5. This resulted in ~3.5 minutes on 3C254 
at each frequency within the total 12 minute cycle time. 
3C254 and its phase-reference were observed for a total of 
17 hours in all four polarizations (LL, LR, RL and RR), 
resulting in ~5 hours actually on source at each frequency. 
The flux densities of 3C286 which were used at 1658 MHz 
and 1420 MHz were 13.639 Jy and 14.733 Jy respectively. A 
final total-intensity image was produced at a mean 'effective' 
frequency of 1539 MHz after scaling both the 1658 MHz and 
1420 MHz data appropriately before combination. Polarisa- 
tion images were produced at the two individual frequencies 
of 1420 MHz and 1658 MHz. 

2.2 C-band observations 

3C254 was observed with MERLIN at the C-Band frequen- 
cies 4562 and 4874 MHz on 24, 25 and 26 November 2002. 
The total on-source integration times at the two frequen- 
cies were different and considerably less than a quarter of 
the total elapsed time as a result of system failures and the 
necessity to edit out data in which ionospherically induced, 
very high phase rates occurred. The observing frequency was 
switched every 10 minutes, with cycle times for observations 
of 3C254 and its phase reference at each frequency being in 
the ratio of 6.5 to 3.5, giving ^6 minutes on 3C254 for each 
ten minute period. As for the L-band observations, 3C254 
and its phase-reference were observed in all four polariza- 
tions and the total time on-source at each frequency was 
~6 hours over the total observing period. Total-intensity 
and polarization images were produced at the same reso- 
lution for the two frequencies. The flux densities of 3C286 
which were used at 4562 MHz and 4874 MHz were 7.807 Jy 
and 7.494 Jy respectively, although a correction had to be 
made to the data to take account of the fact that 3C286 
is ~4% resolved even on the shortest MERLIN baseline (12 
km) at C-band frequencies. The data at the lower frequency 
were appropriately scaled to take account of the source spec- 
tral index and combined with that at the higher frequency 
to produce a combined image at an effective frequency of 
4874 MHz. Finally, calibrated VLA data at a frequency of 
4885 MHz, kindly provided by J. Riley and G. Pooley, were 
re-imaged and appropriately scaled and combined with the 
MERLIN data to produce a MERLIN+VLA image at 4874 
MHz. 

3 DISCUSSION 

Some of the observational parameters and observed values 
from the radio observations are summarised in Table 1. 

3.1 The overall radio structure 

Earlier observations of 3C254 with an angular resolution of 
approximately 0.3—1 arcsec show the two prominent lobes 
located very asymmetrically on opposite sides of the quasar, 
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Figure 1. The MERLIN images of 3C254 at 1539 MHz with an angular resolution of ~0.17 arcsec. Peak brightness: 142 mjy/beam; 
Contours: 0.4x(— 1, 1, 2, 4, 8, 16 . . .) mjy/beam. 



a weak nucleus and a cigar-shaped bridge of emission con- 
necting the two outer lobes (e.g. Owen & Pushell 1984; Liu 
& Pooley 1991; Reid et al. 1995). The overall structure is 
reminescent of 3C459, a highly asymmetric radio galaxy 
with a starburst which has been observed as part of this 
study of very asymmetric radio sources (Thomasson, Saikia 
& Muxlow 2003). 

The MERLIN image of 3C254 at 1539 MHz with an 
angular resolution of 0.17 arcsec (Fig. 1), shows the well- 
known double-lobed structure and the central component. 
In addition, it reveals further details of the structure of the 
hotspots and the lobes of extended emission in both the 
western and eastern lobes. The western lobe consists of two 
hotspots, the primary and more compact one being towards 
the south. The secondary hotspot and the diffuse emission 
from the lobe lies north of the axis joining the core to the 
primary hotspot. The peak of emission on the eastern lobe 
appears to be less compact than the primary hotspot on the 
western lobe, with the lobe emission being extended towards 
the south-west. 

The western lobe is more strongly polarized with the 
peak in the hotspot being ~20% polarized at 1420 MHz. 
There is no significant polarization from the peak of emission 
in the eastern lobe, the 3a upper limit being ~0.4%, but 
there does appear to be polarized emission along the eastern 



rim of the diffuse 'tail'. However, the magnitude of this is 
very uncertain as it is only just above the noise level and 
requires confirmation from more sensitive observations (Fig. 
2). Fig. 3 shows the MERLIN images of both the lobes of 
emission at 1658 MHz with an angular resolution of 0.15 
arcsec and with the polarization vectors superimposed on 
them. As in the images at 1420 MHz, the hotspots in the 
western lobe show significant polarization while there is no 
significant polarized signal from the peak of emission in the 
eastern lobe, the upper limit being ~0.6%, although, once 
again, there is an indication of polarized emission along the 
eastern rim of the diffuse 'tail'. The degree of polarization 
in the peak of emission in the western lobe is ~23%. 

The MERLIN C-band image with an angular resolution 
of 57 mas (Fig. 4) shows the multiple hotspot structure of 
the western lobe in more detail with the primary hotspot 
being more compact with a peak brightness of 36 mjy/beam 
and peak polarization of ~30%. The secondary hotspot is 
more diffuse with a peak brightness of ~7 mjy/beam. For 
the small value of rotation measure, as discussed later in this 
Section, the inferred magnetic field lines at its northern edge 
appear to be parallel to the edge of the lobe. The brightness 
and field structure of the primary and secondary hotspots 
are similar to other known cases (e.g. Laing 1989; Hardcastle 
et al. 1997; Leahy et al. 1997), with the primary hotspot 
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Figure 2. MERLIN images of the components of 3C254 at 1420 MHz with an angular resolution of ~0.18 arcsec. The polarization 
E-vectors are superimposed on the total intensity contours. Peak brightness: 164 and 143 mjy/beam for the western and eastern lobes 
respectively; Contours: 0.7x(— 1, 1, 2, 4, 8, 16 ...) mjy/beam. Polarization: 0.1 arcsec = 10 per cent. 
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Figure 3. MERLIN images of the components of 3C254 at 1658 MHz with an angular resolution of ~0.15 arcsec. The polarization 
E-vectors superimposed on the total intensity contours. Peak brightness: 133 and 99 mjy/beam for the western and eastern components 
respectively; Contours: 0.6x(— 1, 1, 2, 4, 8, ...) mjy/beam. Polarization: 0.1 arcsec = 10 per cent. 
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Table 1. Observational parameters and observed properties 
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Column 1: telescope used for the observations; column 2: observing frequency in MHz; column 3: the angular resolution in arcscc and 
the position angle (PA) of the restoring beam in deg; column 4: the rms noise level in the image in units of mjy/beam; column 5: 

component designation, with a superscript g indicating that the values in columns 6 to 9 have been estimated by fitting a 
two-dimensional Gaussian; columns 6 and 7: the right ascension and declination of the peak of emission of the component in J2000 
co-ordinates; columns 8 and 9: the peak and total flux density of the component in units of mjy/beam and mjy respectively. The 

errors in the flux densities are approximately 10 per cent. 



being identified with the position at which the beam may 
be deflected by collision with a cloud of dense gas. At this 
resolution the C-band image shows no bright hotspot on the 
eastern lobe amongst several peaks of emission, the peak 
brightness being 8.3 mjy/beam. There is no polarization 
detected from these features at 4874 MHz, an upper limit 
to the degree of polarization being ~2%. 

The structures of the lobes on opposite sides of the core 
at the highest resolutions are significantly different, with 
the western lobe being more typical of a hotspot in an FRII 
source with a tail of emission while the eastern one is much 
more spherical and diffuse. Hydrodynamic simulations of 
light, large-scale jets in a decreasing density profile, show 
that the jet bow shock undergoes two phases; firstly a nearly 
spherical one and secondly the well-known cigar-shaped one 
(cf. Krause 2002; Krause & Camenzind 2002; Carvalho & 
O'Dea 2002). The shell-like structure of the eastern lobe is 
suggestive of the first phase of the development of the bow- 
shock. In this scenario, the eastern jet has not yet entered 
the cigar phase and deposits its radio-emitting plasma in a 
large part of the bubble, almost filling the region within the 
bounds of the bow shock. On the other hand, the western 
jet appears to be in the cigar phase and should therefore 
have a fairly regular backflow around it, which flows back 
into the central parts diffusing and mixing with the shocked 
external gas. 

Besides the asymmetry in the location and brightness of 
the outer components, another striking feature of this source 
is the polarization asymmetry (cf. Liu & Pooley 1991). Since 
the images presented here with radio polarization informa- 
tion are at very different and high resolutions, it is not pos- 
sible to derive reliable values of depolarization for the lobes. 
However, the depolarization of the western hotspot between 



C- and i-bands is consistent with the measurements of Liu 
& Pooley, while the eastern hotspot would appear to be 
strongly depolarized even at ~5 GHz. The rotation measure 
of the western hotspot between C- and i-bands is ~— 15 rad 
m~ 2 , which is consistent with values for other sources at 
similar Galactic co-ordinates (e.g. Simard-Normandin, Kro- 
nberg & Button 1981). 



3.2 Which is the approaching side? 

One of the main objectives of these observations was to de- 
tect a radio jet in order to identify the approaching com- 
ponent and to try to understand the extreme asymmetries 
observed in this source. No radio jet has been detected to 
a brightness limit of 0.08 mjy/beam pointing towards the 
western side in the best MERLIN Z^band image obtained 
from a combination of the two i-band frequencies. It is dif- 
ficult to put a similar limit on a jet to the eastern side be- 
cause of confusion with the lobe emission. In order to identify 
whether there is a jet on the eastern side, VLA C-band data 
kindly provided by J. Riley and G. Pooley have been com- 
bined with the MERLIN data to achieve the best sensitivity 
with an adequate resolution. The combined MERLIN+VLA 
image (Fig. 5), which has an angular resolution of 0.1 arcsec 
and an rms noise of 0.05 mjy/beam, shows no evidence of 
any jet on either the western or eastern side. 

Therefore, from jet sidedness it is difficult to identify 
the approaching and receding sides of the source. The blue- 
shifted optical emission lines, which have been interpreted as 
being caused by a collision of the jet with a dense cloud, have 
led Bremer (1997) to suggest that the eastern lobe is ap- 
proaching us. This is a plausible scenario and, assuming this 
to be true, 3C254 is inconsistent with the Laing-Garrington 
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Figure 4. The MERLIN images of 3C254 at 4874 MHz with an angular resolution of 57 mas. The total-intensity image is shown 
in the upper panel, while the lower panel shows the components with the polarization E-vectors superimposed on the total intensity 
contours. Peak brightness: 36 and 8.3 mjy/beam for the western and eastern components respectively; Contours: 0.17x(— 1, 1, 2, 4, 8, 
. . .) mjy/beam for the upper panel and 0.3x(— 1, 1, 2, 4, 8, . . .) mjy/beam for the two lower panels. Polarization: 0.1 arcscc = 60 per 
cent. 



effect (Laing 1988; Garrington et al. 1988). This is not sur- 
prising if the external environment is very asymmetric with 
the eastern jet interacting with dense gas which slows down 
the jet and also depolarizes the radio emission. The strong 
depolarisation in the eastern lobe may also be partly due 
to the lobe being within the associated host galaxy since its 



separation from the core is only ~12 kpc while the western 
lobe is in a more tenuous medium. 
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Figure 5. The MERLIN+VLA total-intensity image of 3C254 at 4874 MHz with an angular resolution of 100 mas. Peak brightness: 51 
mjy/beam; Contours: 0.175x(— 1, 1, 2, 4, 8, . . .) mjy/beam. 

3.3 Are the oppositely-directed jets symmetric? 4 CONCLUDING REMARKS 



It might be expected that the brightness of the eastern 
hotspot would be greater than that of the western hotspot 
because it is interacting with a much denser medium, which 
should lead to a greater dissipation of energy and higher effi- 
ciency of conversion of beam energy into radio emission (e.g. 
Eilek & Shore 1989; Gopal-Krishna & Wiita 1991; Jeyaku- 
mar et al. 2005). Additionally, if it is indeed on the ap- 
proaching side, its brightness may be enhanced by relativis- 
tic beaming (Rees 1966). However, the ratio of the peak 
brightness of the hotspots on the eastern side to that on 
the western side at the highest resolution of 57 mas is 0.23. 
This is just the reverse of what might normally be expected, 
suggesting that the oppositely-directed beams may be in- 
trinsically asymmetric. Evidence of intrinsically asymmetric 
jets have come from studies of individual sources such as 
B0500+630 which has a complete absence of hotspots on 
one side (Saikia et al. 1996). Other examples of such sources 
have been given by Gopal-Krishna & Wiita (2000) . 



The radio galaxy, 3C254, is one of the most asymmetric ra- 
dio sources in terms of the location of the outer lobes of 
radio emission relative to the nucleus of the host galaxy. 
MERLIN observations of the source have been presented at 
L- and C-bands with resolutions ranging from 0.18 (1.3 kpc) 
to 0.057 arcsec (0.4 kpc) respectively. These sensitive, high- 
resolution observations do not show any evidence of a jet 
on either the western or eastern side of the source, making 
it difficult to identify the approaching side on the basis of 
jet sidedness. Identifying the eastern side as the approach- 
ing one on the basis of the blue-shifted emission lines being 
pushed outwards by interaction with the radio jet (Bremer 
1997), it appears that while the large-scale asymmetries may 
be caused by interaction with an asymmetric external envi- 
ronment, the small-scale asymmetries in the hotspots are 
probably the result of an intrinsic asymmetry in the jets on 
opposite sides. The usual assumption of oppositely-directed 
symmetric jets does not appear to be universally applicable, 
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but it may be possible to establish this in only the most 
asymmetric of sources. 
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